Summary Previous investigators have shown that there is a strong association between the fraction of fibroglandular tissue within the breast as determined by X-ray mammography (per cent density) and breast cancer risk. In this study, the quantitative correlation between per cent density and two objective magnetic resonance (MR) parameters of breast tissue, relative water content and mean T2 relaxation time, as investigated for 42 asymptomatic subjects. Using newly developed, rapid techniques MR measurements were performed on a volume-of-interest incorporating equal, representative portions of both breasts. X-ray mammograms of each subject were digitised and analysed semiautomatically to determine per cent density. (Kelsey et al., 1983) .
It is well established that there is a wide variation in the radiological appearance of breast parenchyma among women. There is also abundant evidence linking the parenchymal pattern of the breast, i.e. the portion of the breast occupied by fibroglandular (stromal and epithelial) tissue vs adipose tissue, with risk of developing breast cancer. The most common method of classifying breast parenchymal patterns (Wolfe, 1976) uses four qualitative categories (NI, P1, P2, DY) that are well described using a contrast parameter referred to as 'mammographic density'. In X-ray film mammograms areas of mammographic density appear bright and typically correspond to fibroglandular tissue, whereas darker areas correspond to adipose tissue, which is more radiolucent in comparison. Breasts containing few mammographic densities, classified as NI, have been associated with the lowest risk of breast cancer, while breasts with extensive nodular or sheet-like densities, and classified as DY, have been associated with the highest risk. Intermediate degrees of risk have been associated with categories P1 and P2, which show increasing amounts of linear densities radiating from the nipple. Meta-analyses have established that the relative risk between DY and NI ranges from 2 to 4 (Saftlas and Szklo, 1987; Goodwin and Boyd, 1988) , comparable with other well-known, moderate risk factors such as socioeconomic status and history of cancer in one breast (Kelsey et al., 1983) .
More sensitive risk assessment is provided, however, by quantitative methods of classification based on the relative fraction of fibrogandular breast tissue, known as the per cent density (PD), and also by increasing the number of classification categories to define individuals at highest risk more precisely (Brisson et al., 1982; Warner et al., 1992) . A quantitative classification scheme using six categories with PD values of 0%, 0-10%, 10-25%, 25-50%, 50-75% and >75% has been applied recently in a nested case-control study of 332 pairs of women selected from the cohort of women in the mammography arm of the Canadian National Breast Screening Study (Miller et al., 1992a,b) . A 6-fold difference in risk was found between the highest and lowest density categories, and the two upper categories accounted for 44% of incident cancers . This result is particularly significant because breast cancer susceptibility genes (Miki et al., 1994; Wooster et al., 1994) account only for approximately 5-10% of breast cancer incidence, and the established risk factors in combination are known to account for only 25-30% of breast cancer incidence (Seidman et al., 1982) . The use of quantitative classification schemes indicates clearly that PD is a major risk factor for breast cancer.
Semiautomated methods have been developed to calculate PD and other quantitative parameters as continuous variables from digitised mammograms (Byng et al., 1994) . These methods substantially reduce the intra-and interobserver variability traditionally involved in classification, are quite insensitive to variations in mammography technique and are strongly correlated with the six-category classification of mammograms by radiologists.
The ability to assess breast cancer risk by parenchymal pattern has several applications, e.g. as a tool to study breast cancer aetiology, or to monitor changes in breast cancer risk during interventional studies. Although most investigations of breast parenchymal patterns have used X-ray mammography to date, other non-hazardous imaging modalities can provide similar, and possibly complementary, risk assessment. For example, a qualitative four-category classification scheme has been developed for breast ultrasonography that correlates with the area of the breast occupied by mammographic density (Kaizer et al., 1988) . The excellent soft-tissue contrast exhibited by magnetic resonance (MR) images suggests that this modality is particularly well suited for parenchymal classification. It has previously been found that two MR parameters, relative water content and the transverse now practical. In this paper, the correlation between the MR parameters and PD, derived from semiautomated analysis of digitised mammograms (Byng et al., 1994) , is reported for subjects displaying a broad range of breast parenchymal patterns. The results of this study provide further evidence of the suitability of MR parameters for assessing risk of breast cancer.
Materials and methods
Forty-two female subjects were recruited from the breast screening clinic at St. Michael's Hospital, Toronto, which uses modern mammographic units, high-contrast mammographic film and dedicated extended processing. The subjects had no current or previous history of breast cancer, and ranged in age from 40 to 50 years, with a mean age of 45. Forty subjects were premenopausal. MR examinations were performed during the luteal phase of the menstrual cycle to control for small but detectible variations in the breast parenchyma due to fluctuating levels of female hormones (Graham et al., 1995a) . X-ray mammography examinations were not timed to control for this effect. MR examinations were performed within 1 year after each subject's most recent breast screening examination when diagnostic X-ray mammograms were acquired.
Subjects also completed a questionnaire to determine sociodemographic and anthropometric variables associated with risk of breast cancer. Sociodemographic variables investigated were family history of breast cancer, cancer in relatives, use of oral contraceptives, use of female hormones, pregnancy, past history of smoking, woman's occupation (professional or non-professional), husband's occupation (professional or non-professional) and education (high school, college, or university). Anthropometric variables investigated were height, weight, age, age at menarche and age at first child.
Measurement and analysis of MR parameters MR examinations were performed using a MR scanner operating at a magnetic field strength of 1.5 T (Signa, General Electric Medical Systems, Waukesha, WI, USA) with version 3.7 hardware and software configuration. The standard body coil was used for radiofrequency transmission. Measurement geometry is shown in Figure la , which depicts an idealised axial cross-section of the subject lying prone within the magnet bore. The breasts were suspended in a snug, single loop, elliptical receiver coil that was positioned 8 cm below the isocentre of the magnet. This coil had dimensions of 23 cm by 35 cm and provided a good compromise between SNR and uniform coverage of both breasts. Data processing was performed on a Sun 4/260 workstation (Sun Microsystems, Mountain View, CA, USA).
The specific acquisition strategy used new methods, different from conventional MR imaging, that have been tested extensively and validated on phantoms and volunteers in a previous study (Graham and Bronskill, 1995) . Measurements were performed by isolating the MR signal from a volume of interest (VOI) consisting of a large slab of breast tissue encompassing both breasts, with the VOI thickness oriented in the anterior-posterior direction. ; 164 Volume measurements were performed for two reasons. Data acquisition is much faster than in conventional MR imaging, reducing the magnet time per subject; secondly, parenchymal patterns are gross features of the breast that do not require measurement with high spatial resolution. The VOI is indicated by the dashed areas in Figure la . Axial scout images were acquired to determine the positions of the nipples and the skin margin above the sternum, from which the VOI was positioned interactively to encompass the anterior portion of the breasts. The VOI thickness corresponded to approximately half the nipple-tosternum distance, a compromise between measurement of the largest VOI possible while suppressing 'background' signal from the arms, chest wall and torso. Previous measurements of volunteers using both volumetric and high resolution MR imaging methods have indicated that this VOI thickness yields measurements that are representative of the total breast volume (Graham and Bronskill, 1995) .
Data acquisition was performed in 20 s intervals during which the subject held her breath. Two MR parameters were measured quantitatively. The first experiment exploited the fact that the proton MR spectrum of the VOI contains two dominant spectral components that are easily resolved at 1.5 T: a component corresponding to water, and a component corresponding to the protons in methyl (CH3) and methylene (CH2) groups in the saturated hydrocarbon chains of triglycerides. A hybrid Dixon method (echo time 17 ms, repetition time 5000 ms) was used to excite the VOI and suppress spectrally either the fat or water components of the MR spectrum, in conjunction with conventional frequency encoding to obtain one-dimensional fat and water profiles depicting both breasts (Figure lb) . [The hybrid Dixon method combines two different MR methods of spectral suppression, the two-point Dixon method (Dixon, 1984) and direct spectral suppression with binomial 'saturation' pulses (Hore, 1983), providing improved suppression over either method applied alone (Poon et al., 1989) . The VOI was excited directly using spatially selective, sinc-modulated radiofrequency pulses of the appropriate bandwidth and 3 ms duration.] The signal profiles in the right-left direction represent the integrals of the fat and water signals in the anterior-posterior direction through the breast. The relative volumetric water content, WC, was calculated as
where W and F are the areas under the water and fat profiles respectively, obtained by numerical integration. The factor 0.9 accounts for the average difference in proton density between water and triglyceride molecules present in adipose tissue (Poon et al., 1989) .
In a second experiment, the T2 decay of the signal from the VOI was investigated. The difference in T2 decay between tissues is a major factor responsible for the superb soft tissue contrast in MR images, and is likely, therefore, to provide additional distinction between fibroglandular and adipose tissue. The VOI was isolated without fat or water suppression using a series of spatial saturation pulses to suppress background signal from the chest wall, arms and torso (Graham and Bronskill, 1995) , and measured by a CPMG sequence of hard pulses (echo time 8 ms, repetition time 5000 ms), yielding a train of 140 echoes (Carr and Purcell, 1954; Meiboom and Gill, 1958 (2) where wj and T2j are the fractional weighting and T2 value of each broad component in S(T2) respectively, as indicated in Figure Id , and N is the observed number of components. Typically, N equalled 3.
The accuracy and reproducibility of both measured MR parameters has previously been estimated from measurements of tissue-mimicking phantom materials and volunteers (Graham and Bronskill, 1995; Graham et al., 1995b) . The error in <T2> is <10% for <T2>values<155 ms. The error in WC is <5% in units of WC, except for water contents <25% where the error is <10%. For volunteers measured three times within a 5 day interval, the reproducibility of WC is approximately 1% in units of WC and the reproducibility of <T2> is approximately 10%.
The MR measurements were monitored with a quality control regime. Because the water content measurements can be influenced by spatial variations in the external magnetic field, the magnet was 'shimmed' weekly for the duration of the study, and the peak static magnetic field inhomogeneity over a 20-cm-diameter spherical volume was recorded. The MR measurements were also performed four times during the study on a test phantom (a 50 ml aqueous solution of 0.15 mM manganese chloride) to check the stability of the rf transmission system. Measurement and analysis of X-ray parameters Mammograms (left and right cranio-caudal projections) were digitised using a Konica model KFDR-S laser film scanner (Konica, Tokyo, Japan) (Yin et al., 1992 An experienced observer (NFB) analysed the digitised mammograms using a semiautomatic thresholding technique (Byng et al., 1994) . The observer manipulated a trackball to define two threshold densities in the digitised mammogram, which were observed simultaneously in colour on a graphics overlay (Figure 2a) . The first threshold, iEDGE, identified the skin margin of the breast, and the second, iDy, identified the level above which all pixels were interpreted as mammographic density. The PD value is the percentage of the breast occupied by mammographic density, and was calculated from the associated pixel histogram, or plot of the number of image pixels in the mammogram that have a specified grey level (Figure 2b) . The PD value is the area under the (Byng et al., 1994 where xi is the number of pixels at grey level i and iMAX is the maximum grey level provided by the digitiser (i.e. 1024).
The inter-and intra-observer variability associated with this procedure has been determined previously (Byng et al., 1994) , and is approximately 10% in units of PD.
Statistical analysis Statistical analysis of the data was performed according to established methods (Hays and Winkler, 1971) . Correlations between the measured parameters were investigated by attempting to reject the null hypothesis of zero correlation with 95% confidence. The relationship between MR parameters and PD was determined using the Pearson correlation coefficient, rp. Confidence intervals for rp, when indicated, were calculated using the Fisher r to Z transformation, assuming bivariate normal distributions. Regression lines were estimated using least-squares fitting. The relationship between MR parameters and anthropometric variables was assessed using the Spearman rank correlation coefficient, r,. The relationship between MR and X-ray parameters and sociodemographic variables was assessed using the Mann -Whitney test for differences in population distributions. The notable exception was the relationship with education, which was assessed in three categories and required use of the Kruskal-Wallis test.
Results
During the study, the peak magnet inhomogeneity remained under 0.5 parts per million (mean 0.43 p.p.m.; standard deviation 0.04 p.p.m.) and the quality control T2 measurements of phantoms showed little variability (mean 104 ms; standard deviation 2 ms), indicating that measurement uncertainty was not influenced significantly by temporal instability of the MR scanner. Owing to operator error in performing the MR measurements, one data set for WC and four data sets for < T2 > were discarded, leaving 41 subjects for comparison of WC with PD and 38 subjects for comparison of <T2> with PD.
Pearson correlation coefficients characterising the relationships between the MR and X-ray parameters are shown in Table I anthropometric variables investigated, significant correlations (P <0.05) were only found between <T2> and body weight (rs = 0.378), and mean WC and body weight (r =-0.33), and are not included in Table II .
Discussion
This study shows strong correlations between two objective MR parameters of breast tissue, WC and <T2>, and the PD parameter determined using semiautomated analysis of digitised X-ray mammograms. The WC and PD values of the . Both MR parameters and PD also show correlations with sociodemographic and anthropometric variables that are risk factors for breast cancer. Previous studies have shown that PD can be regarded as a strong risk factor for breast cancer (Byng et al., 1994) ; consequently, both MR parameters exhibit potential for assessment of breast cancer risk.
The relationship between WC and PD is quite logical. Comparison of PD with histology has indicated that PD is associated with greater proportions of collagen and epithelium, and lesser proportions of fat . A positive correlation between WC and PD is expected, from the situation in which the breast is composed primarily of adipose tissue (low WC value), to the situation in which the breast is composed primarily of fibroglandular tissue (high WC value). In addition, the extreme values of WC in Figure 3a of 20% and 75% are in good agreement with independent measurements of the water content in adipose and fibroglandular breast tissues within the body (Woodward and White, 1986) .
The relationship between <T2 > and PD is the inverse of that for WC and PD, because the T2 of adipose tissue is larger than the T2 of fibroglandular tissue. As PD increases from 0 to 100%, <T2 > decreases from the value for adipose tissue to that for fibroglandular tissue. The values of <T2 > reported here are qualitatively consistent with previous measurements of human breast tissue and adipose tissue, although to date, the detailed T2 properties of these tissues remain poorly characterised (Bottomley et al., 1984) . The <T2> value is derived from analysis of the T2 distribution of breast tissue, which contains multiple components (e.g. Figure Id) . One study at a magnetic field strength of 1.4 T reported <T2> values ranging from 87 to 157 ms although no correlation between fibroglandular tissue content and <T2> was observed (Small et al., 1983) . A related study at 1.4 T investigating the multiple T2 relaxation components of breast tissue found a progressive increase in T2 component values with increasing fat content, although the relative weightings of the T2 components were not reported (McSweeney et al., 1984) . In these studies, however, T2 decay data were fitted with a weighted sum of two or three exponentials, which are known to provide inaccurate estimates of T2 distributions of tissues (Whittall and MacKay, 1989 (Table II) .
No firm conclusions concerning larger populations of women can be drawn from the results shown in Table II (Hunter and Willett, 1993) .
There is further indirect evidence that the T2 distribution of bulk breast tissue may contain additional information over PD and WC values. The majority of the subjects in this study (29 of 38) In this study, however, no statistically significant correlation was found between T2 components and PD. This result is primarily related to inadequacies in the quality of the measured T2 decay data. The estimation of multicomponent T2 distributions from T2 decay data is a difficult problem that depends crucially on the signal-to-noise ratio, the number of data samples, and the echo time. Analysis of simulated data has indicated that the T2 distribution can be resolved coarsely under the experimental conditions present in the study, but that the statistical uncertainty associated with the fitting procedure remains too large for accurate determination of subtle changes in individual T2 components (Graham et al., 1995b) . There is no doubt that higher signalto-noise ratio, acquisition of more than 70 data points, and shorter echo time would be very beneficial in determining the T2 distribution more accurately. This provides motivation for further improvements in measurement technique. In addition, a detailed investigation of the T2 distribution of breast tissue ex vivo is currently being conducted, using a dedicated MR spectrometer to provide T2 decay data of high quality. This investigation should identify which features of the T2 distribution correspond to fibroglandular and adipose tissue, and how the distribution varies for different fibroglandular fractions.
The strength of the MR parameters as risk factors for breast cancer cannot be determined from this group of asymptomatic subjects and requires the implementation of a case-control study. Additional, important aspects of such a study would be to determine the strength of the MR parameters as risk factors in relation to their X-ray counterparts, and to determine the fraction of breast cancer incidence that can be accounted for using MR and X-ray parameters in combination. The possibility that MR parameters provide an enhanced measure of risk could have important implications for epidemiological studies of breast cancer. Even if this potential outcome is not validated, the MR measurements still have utility owing to the nonhazardous nature of the examination, and the objective nature of the derived parameters.
In particular, the non-hazardous nature of the MR examination permits investigation of the breast parenchyma at an increased frequency of measurement and with reduced nsk to trial subjects compared with X-ray mammography. For example, MR measurements could be used to investigate the development of the breast parenchymal patterns with age in high risk subjects, or to assess potential preventative intervention strategies, such as the use of hormone supplements for reducing risk of breast cancer (Spicer et al., 1994) , use of tamoxifen (Nayfield et al., 1991) or dietary modification (Boyd et al., 1990) . The role of MR parameters in determining strategies for breast cancer screening remain to be determined. The suggestion that PD could be used to influence the frequency of screening intervals is controversial (Tabar and Dean, 1982) and has not been investigated to date. A similar use of MR requires further experimental evidence, and also a cost benefit analysis.
